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Abstract 

The functionality and efficacy of Rho GTPase signaling is pivotal for a plethora of biological processes. Due to the integral nature of these 
molecules, the dysregulation of their activities can result in diverse aberrant phenotypes. Dysregulation can, as will be described below, be 
based on an altered signaling strength on the level of a specific regulator or that of the respective GTPase itself. Alternatively, effector 
pathways emanating from a specific Rho GTPase may be under- or overactivated. In this review, we address the role of the Rho-type 
GTPases as a subfamily of the Ras-superfamily of small GTP-binding proteins in the development of various disease phenotypes. The 
steadily growing list of genetic alterations that specifically impinge on proper Rho GTPase function corresponds to pathological categories 
such as cancer progression, mental disabilities and a group of quite diverse and unrelated disorders. We will provide an overview of disease- 
rendering mutations in genes that have been positively correlated with Rho GTPase signaling and will discuss the cellular and molecular 
mechanisms that may be affected by them. © 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

The family of Rho GTPases comprise a large subfamily 
of the Ras-superfamily of GTPases. Among all Rho 
GTPases, Racl (Ras-related C3 botulinum toxin substrate 
1), Cdc42 (cell division cycle 42) and RhoA (Ras homolo- 
gous member A) have been studied most extensively. 
Through the work of many laboratories the role, that Rho 
GTPases play in cellular processes as diverse as polariza- 
tion, cell-cell and cell-matrix adhesion, membrane traffick- 
ing, cytoskeletal and transcriptional regulation and cell 
proliferation has made them a group of crucial regulators 
with a very general relevance (comprehensively reviewed in 
Hall, 1998; Van Aelst and D'Souza-Schorey, 1997). 

As is the case for small GTPases in general, Rho GTPases 
are guanine nucleotide binding proteins, which cycle 
between an active GTP-bound and an inactive GDP-bound 
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State, and are subject to distinct control mechanisms. In the 
inactive state, Rho GTPases are associated with a class of 
negative regulators, the Rho GDP dissociation inhibitors 
(GDIs), that stabilize the GDP-bound form of the GTPase 
and sequester them in the cytoplasm. Their active state is 
promoted by positive regulators called GDP/GTP exchange 
factors (GEFs) that (a) tether a given GTPase to a distinct 
subcellular location and (b) by virtue of their signature 
tandem Dbl homology (DH)/pleckstrin homology (PH) 
domain exchange GDP moieties associated with the inactive 
GTPases for GTP. As a consequence, a conformational 
switch is induced. This in turn renders the GTPase active 
and allows it to initiate a productive signahng complex with 
one of several effector proteins. This instigates an informa- 
tion flow to different cellular destinations via different mole- 
cular pathways with different physiological outcomes. The 
active GTP-bound state is counteracted by negative regula- 
tors, the GTPase activating £roteins (GAPs), that catalyze 
the intrinsic ability of a small GTPase to hydrolyze the 
bound GTP-moiety to GDP (hence the name guanosine 
tri -phosphatases). Thus, effector binding is reversed and 
signaling activity halted, causing the biochemical system 
to come full circle. Understanding this biochemical basis 
for the function of GTPases has greatly benefited research 
and lead to the development of constitutively active 
(GTPase-deficient) and dominant negative (nucleotide 
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exchange-defective) mutants that lock a respective GTPase 
in the GTP- or GDP-bound state. The introduction of such 
mutants into diverse experimental systems allows for either 
overactivation or functional deletion of a specific GTPase. 

There is a grov^ing list of disease-causing mutations in 
genes that have been associated with Rho GTPase signaling 
by means of functional prediction or insights obtained by 
direct biochemical analysis. These include GEFs, GAPs and 
effector proteins that appear to be part of quite diverse 
signaling networks. Surprisingly, though, aberrations in 
only a single gene encoding a Rho GTPase itself, namely 
the RhoH gene, have been described thus far to be a putative 
cause of lymphoma development (see below). Other muta- 
tions that may inactivate a Rho gene or lead to an overactive 
version of the resulting protein due to a lack of extensive 
screening or functional redundancy have either escaped 
detection or simply are lethal. This latter possibility is 
underscored by the fact, that mouse embryos whose Racl 
or Cdc42 genes have been deleted by gene-targeted muta- 
tion die early in development (Sugihara et aL, 1998; Chen et 
al., 2000). It may also reflect the multifunctional nature of 
Rho GTPases. Loss-of-function or constitutive gain-of- 
function mutations in many Rho GTPases thus may interfere 
with a number of different cellular processes. Based on our 
current understanding and dependent on the precise physio- 
logical circumstances and cell-types under investigation, a 
single Rho GTPase can affect a diverse array of phenomena 
implicated in a cell's specific biology. In addition, there is 
also continued speculation that Rho-type GTPases need to 
cycle between their active and inactive states in order to 
exert their complete physiological potential (discussed by 
Symons and Settleman, 2000). 

On the other hand, it is likely that regulators and effectors 
of Rho GTPases are expressed and act in a more specific 
manner, be it in the context of a specific cell-type, tissue- 
type or developmental process. Genetic loss-of-function 
mutations in these regulators or effectors, even in form of 
a germline mutation, may result in a weaker impairment 
than loss of the respective GTPase itself. The continuing 
revelation of novel genetic lesions in genes encoding Rho 
regulators and effectors fully supports this possibility. 

The following sections summarize examples of disease 
processes whose underlying genetic alterations affect the 
normal function and regulation of Rho GTPases. We exam- 
ine the importance of such mutations in cancer progression, 
mental disabilities and other disorders. 



2. Rho GTPases in cancer progression 

The evidence that directly implicates aberrant Rho- 
signaling activity in cancer has been obtained either by 
means of mutations uncovered in various genes encoding 
Rho-signaling components, or by screening and interference 
protocols that focus on specific aspects of cancer biology. 
For a detailed summary of the biological understanding of 



the pivotal role of Rho-type GTPases in cancer-related 
processes such as cell-proliferation, migration, invasion 
and metastasis, we refer the reader to some excellent recent 
reviews (Symons, 1996; Schmitz et al., 2000; Price and 
Collard. 2001; Pruitt and Der, 2001). See also Fig. 1. 

2.7. Rho GTPases in transformation 

In contrast to the 'classical' oncogenic Ras proteins, such 
as N-Ras, H-Ras and K-Ras, that are frequently mutated in 
human cancers (Bos, 1988), to date only a single sequence 
alteration has been detected in a gene encoding a Rho 
GTPase. In a set of patients diagnosed with non-Hodgkin's 
lymphoma a t(3;4)(q27;pll-13) translocation was found to 
be responsible for the pathogenic progression of the disease. 
Upon closer examination of this locus, a genetic fusion of a 
gene encoding the newly designated RhoH/TTF GTPase 
with the LAZ3/BCL3 gene was detected. While a single 
distinct transcript of the fused loci could be amplified by 
reverse transcriptase-polymerase chain reaction, it remains 
elusive whether the promotion of the leukemic aberration is 
in some way attributable to the RhoH portion of the fusion 
product (Preudhomme et al., 2000). However, the possibi- 
lity of RhoH as a player in tumorigenesis has more recently 
been strengthened by the finding that the RhoH locus is 
subject to an aberrant hypermutation activity present in B 
cells. It has been speculated that the somatic hypermutation 
process that normally generates variable (V) regions in 
immunoglobulin chains can become misdirected to other 
genomic loci making it a causative mechanism for about 
50% of diffuse large-cell lymphomas. This misdirected 
hypermutation activity among other loci also has been 
demonstrated to target the RhoH gene and in particular its 
upstream non-coding portion. The latter implies the possi- 
bility of a change in transcript and/or protein levels contri- 
buting to malignant lymphoblastic alterations (Pasqualucci 
et al., 2001). Again, it has to be mentioned that the specific 
cellular and biochemical consequences of a mutated RhoH 
gene as well as the functions of the normal counterpart still 
have to be determined. 

Despite RhoH being the only example of a Rho-specific 
mutation in humans thus far, it has been clearly demonstrated 
that Rho-family members play an important role in Ras- 
induced transformation. Evidence for this has been provided 
by experiments utilizing constitutively active and dominant 
negative mutant forms of Rho GTPases in focus forming 
assays and their ability to enable growth in soft agar as 
well as tumor formation in nude mice. These protocols 
allow growth factor-independent proliferation and contact- 
independent growth. Different laboratories have shown that 
the activation of distinct Rho GTPases is an essential step 
towards the fully transformed phenotype triggered by an 
activated Ras oncogene. Specifically, a dominant negative 
form of Racl markedly inhibits the focus forming activity 
invoked by Ras in fibroblasts but cannot interfere with an 
activated, membrane-targeted version of the Raf-kinase 
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Fig. 1 . Potential pathways in which Rho GTPases influence tumorigenic processes. The individual elements depicted in the figure are discussed in Section 2. 
Boxes, that are highlighted with colors represent small Rho GTPases or molecules that have been found mutated in cancers. Solid lines indicate links, for which 
unequivocal evidence has been presented. 



which acts as the Ras-efiFector enhancing MAPK activity. In 
contrast, an activated form of Racl significantly enhances the 
focus forming potential of membrane-targeted Raf (Qiu et 
al., 1995a). These observations led to the conclusion that Rac 
is activated by Ras via a Raf-independent pathway. Further 
studies corroborated these findings and identified RhoA as a 
second Rho-family GTPase mediating the effects of Ras. 
Khosravi-Far et al. and Qiu et al. observed that the focus 
forming activity of a weakly transforming Raf-1 mutant 
was greatly enhanced when co-introduced together with 
constitutively active forms of Racl or RhoA into fibroblasts. 
In contrast, the dominant negative forms of Racl and RhoA 
could partially block Ras transformation (Khosravi-Faret al., 
1995; Qiu et al., 1995b). In another study, Symons and co- 
workers added Cdc42 to the fist of participants in that they 
demonstrated that Cdc42 enabled Ras-transformed cells to 
grow independent of anchorage (Qiu et al., 1997). Additional 
studies involving Cdc42 suggest that the ability of a GTPase 
to cycle could be an essential requirement for its transform- 
ing potential. In elegant experiments, Lin et al. introduced an 
F28L mutation into Cdc42, which subjects the GTPase to 
spontaneous GTP-binding coupled to a wild-type GTP- 
hydrolysis rate. Cycling in this mutant is therefore greatly 
accelerated. When stably expressed in fibroblasts, Cdc42^^^ 
yields features of transformed cells including a reduced 
serum-dependency and anchorage-independency (Lin et 
al., 1997). Taken together, the genetic interactions summar- 



ized above led to the view that Ras not only triggers the 
activities of the Raf-MAPKK-MAPK cascade but also acts 
through an alternative route that stimulates Rho-type 
GTPases which in turn contribute as ancillary factors to the 
fully transformed phenotype. Furthermore, a picture 
emerged in which each of the investigated Rho GTPases 
appears to contribute to a different aspect of the transformed 
phenotype. 

In contrast to the failure to localize mutations in Rho 
GTPase genes (with the exception of RhoH), there is a 
growing literature reporting transcriptionally upregulated 
levels of particular Rho proteins in many types of cancers 
including those as genetically diverse as those occurring in 
colon, breast, lung and pancreas (Suwa et al., 1998; Fritz et 
al., 1999; Jordan et al., 1999; Clark et al., 2000; Schnelzer et 
al., 2000; van Golen et al., 2000; Kamai et al., 2001). The 
findings of Jordan and colleagues in particular describe the 
overexpression of a spliced isoform of Racl, namely 
Rac IB, in colorectal tumors, indicating the possibility that 
oncogenic regulation of Rho GTPases can also occur on the 
level of mRNA-processing (Jordan et al., 1999; Schnelzer et 
al., 2000). Recent genomic analysis, combining a protocol 
selecting for highly metastatic melanoma cells in mice with 
microarray analysis identified the RhoC gene as a promoter 
of metastatic behavior. Subsequently, directed expression 
studies verified this finding (Clark et al., 2000; van Golen 
et al., 2000). Whether this observation will hold true in 
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human tissue systems as well, and what the concrete cellular 
consequences of this phenomenon are, await to be seen. It is 
noteworthy, however, that, in ductal adenocarcinomas of the 
pancreas as well as in inflammatory breast cancer cells, 
RhoC expression was shown to be upregulated (Suwa et 
al., 1998; van Golen et al., 2000). An intriguing finding is 
that of the novel Cdc42-like GTPase Wrch-1 as a Wnt-1 
transcriptional target (Tao et al., 2001). The Wnt signaling 
pathway, mostly through mutational analysis of the Wnt- 
family genes as well as the APC and p-catenin genes, has 
been implicated in tumorigenesis (Peifer and Polakis, 2000; 
Polakis, 2000). The contribution of Wrch-1 to the list of 
Wnt-responsive genes may help understand the mechanisms 
employed by Wnt-signaling to induce morphological 
changes, interfere with cell-cell adhesion and cell-extracel- 
lular matrix interactions and other phenomena. It also raises 
the interesting possibility of Rho GTPases functioning as a 
general class of mediators in multiple oncogenic pathways. 

While all these changes in transcript and protein levels 
are likely to correlate with an elevation in signaling activity 
in vivo, there are few studies that directly assess the activa- 
tion state of particular Rho GTPases under transforming 
conditions. One study that does address this issue is the 
one by Mira and colleagues who were able to monitor an 
increase in Rac3 activity in transformed and highly prolif- 
erative breast epithelial cells derived from human cancer 
samples (Mira et al., 2000). 

2.2. Rho GTPase regulation by upstream activators 

As another line of evidence that implicates the Rho-family 
of GTPases in certain aspects of cancer development, 
members of die Dbl -family of Rho-GEFs have been classi- 
fied as oncoproteins. Again, this classification is mainly 
based on the classical transformation assays mentioned 
above. The Dbl-family contains such well-investigated 
members as the founding member of the family, Dbl, the 
Vav, TIAM, Lcf proteins and others. They all share the 
tandem Dbl homology and PH homology motifs are now a 
hallmark feature for Rho-specific activator proteins. Distinct 
Dbl-family members may show either overlapping activity 
towards more than one of the Rho GTPases, or specifically 
activate only one of them (see Fig. 1). Activating deletions 
and point mutations usually in regulatory regions of the 
molecules evoke their focus forming abilities. For example, 
in the case of Dbl and Vav, the N-termini of the proto-onco- 
proteins have been found to repress their catalytic activities. 
Accordingly, deletion of these N-terminal sequences can 
relieve this repression and result in a constitutive activation 
of the GEF function. The structural basis for some of these 
autoinhibitory mechanisms and their release has been 
convincingly disclosed in an NMR spectroscopic analysis 
focusing on the Vav paradigm of Tyr-phosphorylation- 
mediated activation (Aghazadeh et al., 2000). Stimulation 
of cells with particular extracellular agents ensues rapid 
and transient phosphorylation of Vav which in turn abolishes 



its autoinhibitory function with a concomitant increase in 
GEF-activity (for review, see Bustelo, 2000). 

Upon closer inspection of the available literature, we 
noticed that naturally occurring gain-of-function mutations 
in patient-derived material have so far only been described 
for Dbl and the more recently identified LARG and TIAM 
genes. The Dbl oncogene was originally isolated from a 
human diffuse B-cell lymphoma DNA in a coupled gene 
transfer/transformation assay (Srivastava et al., 1986), 
while LARG (leukemia-associated Rho guanine exchange 
factor) was isolated as a fusion partner of the MLL (mixed 
lineage leukemia) gene in acute myeloid leukemia (Kourlas 
et al., 2000). Subsequently, work by two groups produced 
biochemical evidence for LARG 's identity as a Rho activator 
(Fukuhara et al., 2000; Reuther et al., 2001). The protein's 
tandem DH/PH domain appears to be specific for Rho A since 
LARG can activate the Rho-dependent serum response factor 
(SRF) but not Rac/Cdc42-dependent Jun kinase (JNK) 
signaling (Reuther et al., 2001). Taya et al., in a recent 
study, revealed that the PDZ domain of LARG associates 
with the carboxy terminal tail of the insulin-like growth 
factor-1 (IGF-1) receptor (Taya et al., 2001). Elaborating 
on this finding, the authors further produce evidence that 
IGF-1 stimulation of epithelial MDCKII cells results in an 
activation of RhoA and its effector kinase ROCK to give rise 
to enhanced stress fiber formation. Since the IGF-1 receptor/ 
LARG complex forms constitutively also in the absence of 
IGF- 1 ligand but on the other hand RhoA activity is triggered 
by exposure to IGF-1, the authors speculate that LARG acti- 
vation is subject to an as yet unidentified IGF-1 -dependent 
mechanism (Taya et al., 2001). It is also possible, that the 
RGS (regulator of G-protein signaling) domain harbored by 
the protein serves to couple G-protein-coupled receptors 
(GPCRs) and heterotrimeric G proteins of the G alpha(12) 
family to Rho-dependent signaling (Fukuhara et al., 2000). 
These initial biochemical studies, together with the finding 
that LARG is expressed in all human tissues examined, will 
surely promote further interest in this molecule. 

TIAM (T-cell invasion and metastasis gene) was found in 
an extensive screen, that was designed to isolate invasion- 
promoting genes in T cells (Habets et al., 1994). Subse- 
quently, TIAM was demonstrated to display Rac-specific 
exchange activity (Michiels et al., 1995). In light of earlier 
experiments that showed Rac to promote the spread of 
cancer cells and metastasis in nude mice (Qiu et al., 
1995a), these data proposed a TIAM/Rac-dependent, inva- 
sion-promoting signaling pathway. This opened a different 
perspective on the role of Rho-proteins in cancer progres- 
sion, namely their function in metastasis and invasion in 
aggressive cancer cells. This property of some Rho GTPases 
has since been reiterated in different experimental settings 
(e.g. the one described for the finding of RhoC above). In 
fact, analysis of the TIAM locus in a set of renal-cell carci- 
nomas revealed several mutant TIAM alleles. One of these 
mutations, A441G, maps to the protein's N-terminal pleck- 
strin homology domain and could potentially interfere with 
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the proper membrane localization and functional activity of 
the protein. In focus forming assays, the A441G mutation 
can convert TIAM into a transforming molecule which 
further underlines its relevance in malignant processes 
(Engers et al., 2000). Interestingly, a putative metastasis 
suppressor, nm23Hl, which was isolated from murine mela- 
nomas by subtraction cloning associates with TIAM and 
seems to negatively regulate cell motility of tumor cells of 
murine and human origin (Leone et al., 1991; Kantor et al., 
1993; MacDonald et al., 1996). This activity correlates with 
a downregulation of Racl (Otsuki et al., 2001). Thus 
nm32Hl may prove to be an interesting physiological link 
to TIAM and Rac regulation during invasion and metastasis. 
It has to be mentioned that depending on the specific cell 
type under investigation (Hordijk et al., 1997) and the parti- 
cular ECM composition faced by those cells (Sander et al., 
1998), TIAM can also generate an adhesion-promoting 
effect. In epithelial MDCK cells, its expression may even 
reverse the loss of E-Cadherin mediated adhesion induced 
by oncogenic Ras (Hordijk et aL, 1997). Therefore, the 
involvement and regulation of TIAM in invading and metas- 
tasizing cancer cells might be more complex than the 
current data suggest. 

2.3. Downstream effectors and effector pathways 

What is the nature of the underlying signaling pathways 
mediating distinct aspects of cellular transformation trig- 
gered by Rho GTPases and which are the immediate down- 
stream effectors regulating them? 

A necessary requirement for a cell to transit from a 
normal to a transformed state is the dysregulation of its 
cell cycle machinery. From earlier observations, it became 
evident that cyclin Dl, as a key factor required for the Gl/S 
transition whose levels oscillate throughout the cell cycle, is 
transcriptionally upregulated by the Ras-induced Raf/MEK/ 
ERK pathway (Cheng et al., 1998; Kerkhoff and Rapp, 
1998). Subsequently, it has been demonstrated that Rac 
can also stimulate activity at the cyclin Dl promoter (West- 
wick et al., 1997; Gille and Downward, 1999). CycHn Dl, as 
a functional consequence of its enhanced synthesis, teams 
up with its cognate cyclin-dependent kinase partners CDK4 
and CDK6. The major substrate for the phosphorylation- 
activity of the complex is the Retinoblastoma protein 
whose subsequent degradation triggers progression through 
the Gl -phase of the cell cycle (Sherr and Roberts, 1999). It 
is worth noting, that a survey of human breast cancer etiol- 
ogy in patients has revealed the cyclin Dl gene to be ampli- 
fied in 20% of the cases examined (Dickson et al., 1995). 
Moreover, cyclin Dl protein levels appeared to be elevated 
in more than 50% of mammary carcinomas (Bartkova et aL, 
1994; Gillett et al., 1994; Mcintosh et aL, 1995). Further 
corroborating the relevance of this transcriptional target, Yu 
et al. (2001) observed that cyclin Dl -deficient mice are able 
to resist cancer development induced by the Ras and Neu 
oncogenes. It is conceivable that Rac could either contribute 
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to the full oncogenic upregulation of cyclin Dl transcription 
by Ras or that it leads to a sustained promoter activity. 
However, Rac can also activate the cyclin Dl gene in 
Ras-independent pathways. Consistent with this, activation 
of integrin signaling has recently been demonstrated to 
modulate the levels of cyclin Dl protein in a Rac-dependent 
manner in order to trigger proliferation of primary cells in 
culture. Surprisingly, in this case Rac appears to influence 
cyclin Dl expression on the translational rather than the 
transcriptional level (Mettouchi et al., 2001). In a recent 
pubUcation Welch et al. presented a more refined concept 
highlighting differential effects of Rho GTPases on cyclin 
Dl expression (Welsh et aL, 2001). Whereas, in their studies 
Racl and Cdc42-emanating mechanisms induced cyclin Dl 
early in Gl -phase of the cell cycle, Rho-activity may ensure 
sustained cyclin Dl expression throughout Gl in an ERK- 
dependent fashion. Apart from cycUn Dl as a transcriptional 
target, the expression of the cell-cycle regulator c-myc, 
induced by PDGF, has been demonstrated to rely on Rac 
activity and to occur independently of Ras. Together, this 
information suggests, that a single Rho GTPase might affect 
the cell cycle via a number of different pathways (Chiariello 
et al., 2001). 

Rho, on the other hand, seems to impinge on another class 
of cell cycle regulatory proteins, namely the cyclin/CDK 
complex inhibitors p21*^'P^ and p27*^'P'. Evidence for this 
comes from the observations, that (1) Rho activity interferes 
with p21^*^' in that it suppresses its induction (Olson et al., 

1998) , and (2) p27^P* degradation is facilitated by Rho 
(Weber et aL, 1997; Hu et al., 1999). Hence, as in the 
case of cyclin Dl upregulation, these Rho-specific phenom- 
ena lead to a stabilization of cyclin/CDK activity, which 
consequently is thought to accelerate progression through 
the cell cycle. 

To date, it remains unresolved, which of the many effec- 
tor molecules of the Rho-family GTPases unambiguously 
relay an oncogenic potential in vivo and which of the acti- 
vated signaling pathways are the ones responsible. There 
have been no activity-modifying mutations described in 
any of the known Rho GTPase effector proteins in cancer- 
ous cells. One of the candidates relaying the Rac signal to 
the cell cycle machinery in order to achieve transformation, 
however, is the Ste20-like p21 PAK-kinase. PAK kinases 
were first identified by Manser et al. who performed 
biochemical overlay assays with the intention to isolate 
novel Racl and Cdc42 effector proteins (Manser et aL, 
1994). A catalytically inactive form of PAK can effectively 
suppress Ras-induced transformation in some cell lines 
(Tang et aL, 1997) and, it has been shown that PAK activity 
correlates with cyclin Dl promoter induction (Joyce et al., 

1999) . Similarly, the function of Rac3 in the proliferation of 
breast tumor cells appears to correlate with increased PAK 
activity (Mira et al., 2000). PAK, apart from its correlation 
to cell proliferative events, also has been related to aspects 
of microfilament reorganization and invasiveness in breast 
cancer cells. In this setting, a kinase-dead version of PAKl 
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can suppress the motile and invasive phenotypes of other- 
wise highly invasive human MDA-MB435 cells (Adam et 
al, 2000). 

Although these data suggest a role for PAK in tumorigen- 
esis/metastasis, it remains unclear as to whether PAK is 
dependent on Rac-activity to exert its effect. It has been 
demonstrated that PAK-independent pathways emanating 
from Rac are likely to participate in promotion of Rac's 
transforming potential. It also has been shown that Rac- 
mutants engineered to no longer bind PAK, but that still 
tether other effectors, can persist to evoke transformation 
of fibroblasts (Joneson et al., 1996; Lamarche et al., 1996; 
Westwick et al., 1997). This is suggestive of the notion, that 
Rac can target the cell cycle apparatus through PAK-depen- 
dent or PAK-independent pathways or by multiple pathways 
operating simultaneously in a given cell. 

The ROCK effector- kinases have been proposed to convey 
Rho's transforming ability. ROCK-type kinases serve as 
regulators of the actomyosin network in that they promote 
phosphorylation of the regulatory light chain of myosin in a 
Rho-dependent manner. This in turn stimulates contractility 
of actin filaments, which is the basis of cell motility. A consti- 
tutively active version of the kinase can synergize with acti- 
vated Raf in conventional transformation assays (Sahai et al., 
1999). An additional and intriguing piece of evidence for 
ROCK'S role in tumorigenesis has been provided by Naru- 
miy a and colleagues who developed and successfully applied 
a ROCK-specific inhibitor (Y-27632). Highly metastatic Rat 
MMl hepatoma cells are able to transmigrate through a 
mesothelial cell monolayer in a serum and specifically lyso- 
phosphatidic acid-dependent manner. This migratory beha- 
vior is enhanced by transfection with a dominant positive 
form of ROCK, while conversely, it is inhibited by a 
ROCK mutant acting as a dominant negative version of the 
kinase. Treatment with Y^7632 can block Rho-mediated 
invasion in MMl cell cultures and, moreover, can interfere 
with the dissemination of MMl cells when implanted into the 
peritoneal cavity of syngeneic rats (Itoh et al., 1999). Y- 
27632 also interferes with the transforming activities of 
RhoA itself and the ones of the Rho-activators Dbl and Net 
(Sahai et al., 1999). In the first experiments with human cells, 
Y-27632 was able to partially abolish the anchorage-inde- 
pendent growth of two colorectal carcinoma cell lines and in 
another assay inhibited human prostate cancer cells from 
disseminating when introduced into immune-compromised 
mice (Somlyo et al, 2000). Whether this inhibitor will prove 
to be genuinely ROCK-specific and whether the data from 
these animal experiments can be extrapolated to the invasion 
of human metastatic cells in human tissues has to be shown 
by further careful investigation. 

Recently, it was found that ROCK-dependent phosphory- 
lation of the Ezrin/Radixin/Moesin (ERM)-family member 
Ezrin is a necessary requirement in the transformation 
process induced by oncogenic Dbl-proteins (Tran Quang et 
al., 2000). ERM-proteins are thought to link the actin cytos- 
keleton to membrane regions undergoing dynamic morpho- 



logical changes. Net or Dbl oncogene expression can 
interfere with the normal cell-cell contact inhibitory effects 
on proliferation, which may contribute to their oncogenic 
potentials. Introduction of an Ezrin mutant that does not 
serve as a ROCK-substrate anymore may re-establish a 
contact-inhibitory mechanism under those circumstances. 
This clearly is indicative of the possibility, that Rho/ROCK 
signaling constitutes the link between Dbl- and Net-activity 
as a malignant stimulus and an ERM-protein function at the 
membrane as one of its outputs. The observation, that ROCK- 
dependent Ezrin phosphorylation can be blocked by Y-27632 
addition nicely supplemented this connection (Tran Quang et 
al., 2000). Ezrin also has been found to interact with Hamar- 
tin, the gene product of the TSCl tumor suppressor gene 
locus (Lamb et al., 2000) as well as RhoGDI and the Dbl 
oncoprotein (Takahashi et al., 1997, 1998). Together, these 
insights strongly emphasize the importance of Rho/ROCK 
mediated signaling in cancer progression. 

Another correlation between Rho GTPase signaling and an 
ERM-like protein is the one that has been established more 
recendy between Rac and Merlin by Shaw and co-workers 
(Shaw et al., 2001). Merlin is the product of the NF2 gene, 
mutations in which predispose humans and mice to the devel- 
opment of Neurofibromatosis type II (NF2). Since mutations 
in the NF2 gene that abolish Merlin synthesis are facilitating 
or causing tumor formation, NF2 has been defined as a tumor 
suppressor gene (Gutmann et al., 1997; Gusella et al., 1999). 
In an endeavor to shed light on the molecular network NF2/ 
Merlin is embedded in, Shaw et al. have produced evidence 
that the functional state of Merlin is controlled by Rac. The 
expression of constitutively active Rac or its activators Dbl 
and Tiam promotes the phosphorylation of Merlin at the 
critical C-terminal Ser-518 residue. This modification is 
thought to inhibit the 'closed* conformation of the molecule 
that relies on the head-to-tail interaction between N- and C- 
terminal residues within the Merlin protein and rather 
promotes its 'open' conformation. Since it is the closed 
state that exhibits a negative growth regulatory function in 
vitro and in vivo (Sherman et al., 1997), the release of its 
inhibitory functions by activated Rac may provide a contri- 
bution to Rac's tumorigenic potential. This possibility has 
been strengthened by additional experimentation that 
showed Rac-induced transformation to be drastically 
reduced by concomitant expression of Merlin. NF2-deficient 
fibroblasts also display features that strongly resemble those 
elicited by Rac, such as membrane ruffling and an increase in 
the number of intracellular vesicles (Shaw et al., 2001). 
These data taken together suggest an interesting model. 
Merlin might be linking events at the plasma membrane 
with the cell cycle machinery and in particular cell cycle- 
promoting cycHn Dl levels. In a setting, where no functional 
Merhn protein is present like in NF2 mutant cells, this block 
is genetically abolished. Alternatively, in cases where a Rac- 
dependent mechanism interferes with the growth-inhibitory 
properties of wild-type Merlin, its function is biochemically 
disrupted. Although speculative, this scenario could offer a 
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partial explanation for the Rac-provoked cell cycle stimula- 
tion. 

A potentially oncogenic mechanism involving a Rho 
GTPase and impacting on vesicle trafficking has recently 
brought to light (Wu et al., 2000). Whereas Rho GTPases 
have been implicated in various steps of membrane traffick- 
ing (for review see Ridley, 2001), the significance for this in 
oncogenic processes remains ill-understood. Cdc42 has 
been implicated by Wu et al. in the functional modulation 
of the Golgi coatamer complex. The coatamer complex 
serves to shuttle cargo from the endoplasmic reticulum to 
the Golgi apparatus and Cdc42 directly associates with the 
7-COP subunit (Wu et al., 2000). The same authors found 
that Cdc42 has to target 7-COP in order to generate the 
transformed phenotype characteristic of the Tast cycling' 
Cdc42^^*' mutant mentioned above. This observation 
provides the first clue for the involvement of membrane 
trafficking in cellular transformation (Wu et al., 2000). It 
was known earlier, that Cdc42 localizes to the Golgi 
compartment and that it affects several transport steps 
such as the exit of apical and basolateral proteins from the 
trans-Golgi network and the endocytic transport to the baso- 
lateral plasma membrane in polarized cells (Erickson et al., 
1996; Kroschewski et al., 1999; Musch et al., 2001). While 
the precise consequences of the Cdc42/7-COP interaction 
are not well understood, it may be a first molecular link for 
Cdc42's association with the Golgi compartment and its 
local effects therein. 

Another door that just has been opened concerns the role 
of Rho GTPases in the establishment of cellular polarity. 
While the general relevance of Rho GTPases in these 
processes has been demonstrated, the discovery of the 
PAR6 protein as a Racl and Cdc42 effector contributes a 
first molecular insight. PAR6 is a constituent of the Par-6/ 
Par-3/PKC^ complex that is vital for the establishment of 
cellular polarity in diverse systems (Joberty, 2000 #167; 
Johansson, 2000 #170; Lin, 2000 #168; Qiu, 2000 #138). 
In mammalian cells, PAR3, PAR6 and PKC^ are associated 
with tight junctional structures and Racl/Cdc42 engage- 
ment of the PAR3/PAR6 complex is thought to participate 
in tight junction formation in part likely by inducing PKC^ 
activity (Joberty et al., 2000; Qiu et al., 2000). Overexpres- 
sion of a kinase-dead PKC^ version in MDCK cells causes 
mislocalization of PAR3 correlating with a severe impair- 
ment of tight junctional biogenesis (Suzuki et al., 2001). 
Moreover, ectopically expressed PAR6 enhances the trans- 
forming potential of Racl (Qiu, 2000 #138). These experi- 
ments clearly indicate that the PAR3/PAR6/PKC^ complex 
is sensitive to changes in the ratio of its components and to 
ectopically altered levels of its kinase activity. Since tight 
junctional integrity is required for the maintenance of cell 
polarity and proper polarity is abolished in transformed 
cells, targeting of the Par-6/Par-3/PKC^ complex by acti- 
vated Racl or Cdc42 could contribute to malignant trans- 
formation. The activation of atypical PKC isoforms 
including PKC^ previously has been correlated to the 
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control of cell growth and survival. Ectopic amounts of 
PKC^ can counteract apoptotic signals and experimental 
down-regulation of PKC^ levels and activity impair cell 
proliferation and activation of NF-kB transcription which 
in many situations prevents apoptosis (Berra et al., 1993; 
Dominguez et al., 1993; Diaz-Meco et al., 1996). 

It has been demonstrated that the cell survival machinery 
appears to be directly affected by Rho GTPases. Like onco- 
genic Ras (Finco et al., 1997; Mayo et al., 1997), Rac, Cdc42 
and Rho positively regulate the transcription at NF-kB- 
dependent promoters (Sulciner et al., 1996; Perona et al., 
1997) and thus may prevent cells driven to a transformed 
state from undergoing apoptosis. NF-kB also appears to be 
required for the transforming abilities of the Rho A and 
Cdc42 activators Dbl and Dbs (Whitehead et al., 1999). 
These pathways can also interfere with Ras-induced apopto- 
sis (Joneson and Bar-Sagi, 1999) and the expression of domi- 
nant active Rac can prevent suspension-induced apoptosis 
('anoikis') of epithelial cells (Coniglio et al., 2001) as well 
as apoptosis triggered by serum deprivation of fibroblastic 
cells (Ruggieri et al., 2001). It will be interesting to see, 
whether PKC^ activation in polarity determining complexes 
by Racl and/or Cdc42 will connect through a distinct signal- 
ing pathway to anti apoptotic and proliferative events like e.g. 
activation of NF-kB. Of note is the observation that Rac2- 
deficient cells derived from gene targeted mice display 
significantly reduced survival in the presence of growth 
factors as compared to control cells. This property, further- 
more, has been correlated with a failure to induce the survival 
factors Akt and BAD/Bcl-XL (Yang et al., 2000). 

Targeted deletion and transgenic expression experiments 
in mice revealed diverse roles also for Rho GTPase genes and 
their products in mediating apoptosis and cell survival in a 
context-dependent manner (Cleverley et al., 2000; Costello 
et al., 2000; Liu et al., 2001a). Mutant mouse embryo fibro- 
blasts (MEFs) that have been derived from RhoB -deficient 
mice when transformed with the H-Ras and adenovirus El A 
oncogenes displayed a significantly elevated resistance to 
apoptosis after being exposed to DNA-dam aging reagents 
as compared to non-targeted cells. It appears that RhoB has 
taken on a unique role among the Rho GTPases. In contrast to 
the developmental necessity of the Racl and Cdc42 genes 
and their products, the RhoB gene is dispensable for devel- 
opment and, normal physiological aspects of mouse biology 
(Sugihara et al., 1998; Chen et al., 2000; Liu et al., 2001b). 
However, the proapoptotic function that has been ascribed to 
RhoB may be required under conditions that generate cellular 
stress as exemplified by the exposure to DNA- and micro- 
tubule damaging compounds or under cell transforming 
circumstances (Liu et al., 2001 a,b). In fact, the relatively 
high turnover rates the RhoB protein is subjected to often 
are counteracted by transcription of the RhoB gene (Jahner 
and Hunter, 1991; Fritz et al., 1995). The currently available 
data hence strongly argue for a proapoptotic function for 
RhoB that eliminates damaged cells with a potential to 
elude normal cell cycle control and thus to become a cancer- 
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ous hazard for the organism. This property clearly distin- 
guishes RhoB physiology from the anti-apoptotic aspects 
of Racl. 

In contrast, in hemopoietic cells Rho has clearly been 
correlated with cell survival signaling (Costello et al., 
2000). The thymocyte- specific Ick promoter was used to 
drive the expression of the Rho-inhibitor C3 (bacterial 
toxin C3 transferase from Clostridium botulinum). C3 selec- 
tively ADP-ribosylates and inactivates RhoA, B and C 
(Boquet, 1999). Under these conditions, pre-T cells that 
have not undergone p selection to assemble vp-chains 
into functional pre-T cell receptors (TCRs) are subject to 
massive apoptosis. This cell death phenomenon is abrogated 
in a p53 loss of function situation suggesting a p53-depen- 
dent mechanism that is governed by Rho- activity. After 
formation of functional pre-T cell receptors, however, Rho 
appears to promote survival via a p53-independent and 
BCL-2-sensitive pathway (Costello et al., 2000). Another 
study by Cleverley et al. shows that the same mice, when 
4 to 8 months old, develop aggressive thymic lymphoblastic 
lymphomas (Cleverley et al., 2000). Analysis of the tumors 
revealed a lack of heterogeneity in the vp-chain of the T-cell 
receptor (TCR) complex which led the authors to hypothe- 
size a monoclonal origin of the malignant cells. Since Ick- 
driven C3 expression alone does not ensue tumor formation 
per se, it is likely that an additional genetic alteration under- 
lies the observed clonal expansion. Given that all 3 Rho 
isoforms are interfered with by C3 and taken in particular 
the RhoB functions described above into consideration, it is 
conceivable, that concomitant inactivation of RhoB could 
favor tumor development by inhibiting apoptosis in maUg- 
nant clones. 

In summary, the significance of Rho GTPase signaling 
impinges on various aspects of oncogenesis (see Fig. 1). As 
exemplified in the aforementioned, cell cycle progression in 
tumor cells, their adhesive properties, migratory and inva- 
sive behavior and escape from apoptotic extinction all seem 
to be affected by Rho GTPase activity. Whereas a scaffold 
emerges in which a particular Rho GTPase is linked to 
specific physiological effects, defined signaling pathways 
still need to be worked out. As is the case with Y-37632 
as a ROCK inhibitor, other participants in specific signaling 
pathways may serve as drug targets to inhibit malignant 
processes that depend on Rho GTPase activity. In addition, 
given, that dysregulations provoked by Rho GTPases 
phenocopy cancerous aspects of oncogenesis in general, it 
is tempting to speculate that Rho signahng might be contri- 
buting to other oncogenic pathways as well. The identifica- 
tion of Wrch-1 as a transcriptional target of oncogenic Wnt 
signaling is a first example for such interdependencies. 

3. An emerging r le for Rho GTPases in 
neur degenerative disorders 

Rho GTPases are currently gaining increasing attention 



for their involvement in different classes of neurodegenera- 
tive disorders that reflect vital functions of Rho GTPases in 
diverse aspects of the nervous system. Over the past few 
years, Rho GTPases have been implicated in neuronal 
processes including neuronal migration and polarization, 
axon guidance and dendrite formation, as well as synaptic 
organization and plasticity (comprehensively reviewed in 
(Luo, 2000). Given the large number of GEFs and GAPs 
shown to be functional and/or expressed in the nervous 
system, and others that are predictable on the basis of the 
available genome sequences, it is hkely that Rho GTPase 
activity is intrinsic to various signaling pathways involved 
in the regulation of neuronal processes. Many of these path- 
ways will be responsive to extracellular cues and stimuli to 
evoke cytoskeletal rearrangements, which underlie detect- 
able morphological adjustments in cells of the nervous 
system (Fig. 2). 

One complex of quite heterogeneous neuropathological 
disorders constitutes the nonsyndromic, X-chromosome 
linked forms of mental retardation (commonly referred to 
as MRX or XLMR). MRX affects approximately 1 in 500 
males and represents about 25% of all genetically mani- 
fested cases of mental retardation. The only feature in indi- 
viduals affected by MRX is an impairment of their cognitive 
functions. While no gross anatomical alterations in brain 
structures have been observed in MRX-inflicted individuals, 
closer histological inspection has revealed that the hippo- 
campus and certain cerebellar ventricles often are increased 
in size. In contrast, the cerebral cortex often appears reduced 
in size when compared to unaffected control tissue (Reiss et 
al., 1991; Reiss et al., 1994). Detailed microscopic analysis 
showed that the dendritic spines in the affected regions are 
thinner and more elongated in MRX-patients. Furthermore, 
the synaptic contacts they establish are more reminiscent of 
those made by immature spines (Rudelli et al., 1985; Hinton 
et al., 1991). Spine synapses are considered to relay the 
majority of functional excitatory synaptic communication. 
Moreover, they are regarded as the structures displaying 
most of the ongoing synaptic plasticity that determines the 
efficacy of 'learning and memory* processes (Matus, 1999). 
Moreover, spine morphology is particularly dependent on 
actin structures and processes that continuously remodel 
them. These are processes that in many respects require 
the directed regulation and activity of the Rho-family of 
GTPases (Luo, 2000). 

Through means of positional cloning, about ten genes 
associated with MRX have been identified thus far, offering 
the first mutational basis to study the specific genetics and 
biochemistry involved in MRX. Among these, three MRX 
genes encoding oligophrenin-1, aPIX/Cool-2/ARHGEF6 
and PAK3 represent elements of potential Rho GTPase- 
dependent signaling pathways that are active in neurons. 
Others, such as ILIRAPL and TM4SF2 being additional 
identified MRX-genes and FMRl being associated with 
Fragile X mental retardation syndrome (FraX) may be 
physiologically linked to Rho-function. 
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Fig. 2. The putative signaling networks in which Rho GTPase related genes involved in mental retardation and other disorders may affect the cytoskeleton. The 
specific genes and their products are referred to in Sections 3 and 4. 



Besides the genetic lesions underlying various forms of 
mental retardation, the recent description of mutations in a 
gene encoding a potential RhoGEF, called alsin, as a cause 
for amyotrophic lateral sclerosis (ALS) presents another 
example for the involvement of Rho GTPases in neuronal 
processes. ALS is a fatal neurological disorder in which 
motor neurons progressively degenerate. The finding that 
a putative RhoGEF is mutationally inactivated in this 
disease suggests that impairment of proper Rho GTPase 
signaling may be an important step in the etiology of neuro- 
degenerative phenomena. 

Finally, another candidate molecule that is being 
discussed as a disease-related Rho GTPase signaling 
component is intersectin. The intersectin gene is located 
on human chromosome 21 and the biochemical properties 
revealed so far indicate that its protein product could contri- 
bute to the neuronal defects observed in Down syndrome. 

5.7. Mental retardation-associated genes 

3,1. L Oligoph ren in- 1 

The first Rho-related MRX gene to be identified was the 
oligophrenin- 1 gene. It encodes a putative RhoGAP protein 
with a canonical RhoGAP catalytic domain, which is likely 
to have a negative effect on Rho GTPase signaling. Two 



different mutations in the oligophrenin- 1 gene have been 
isolated, both of which are supposed to lead to a loss-of- 
function phenotype (Antonarakis and Van Aelst, 1998; Bill- 
uart et al., 1998). So far, it remains incompletely understood 
as to which of the Rho GTPases is the physiologically rele- 
vant target of oligophrenin- 1 in vivo although the protein 
exerts GAP activity towards Rho A, Cdc42 and Racl in 
vitro. This observation emphasizes a role for oligophre- 
nin- 1 as a negative regulator of Rho GTPase activity. Never- 
theless, more specifically designed experiments will have to 
address the in vivo substrate preference, subcellular locali- 
zation and the nature of the protein network it is part of to 
understand the disease-causing role of the isolated muta- 
tions. It is conceivable that oligophrenin- 1 also fulfills 
extra-neuronal functions, since it is expressed in tissues 
other than the brain, albeit at lower levels (Billuart et al., 
1998). However, loss of oligophrenin- 1 function in humans 
does not give rise to. any discernible phenotypes in addition 
to cognitive impairments in affected individuals suggesting 
that a loss of oligophrenin- 1 in other tissues may be 
compensated for by functional redundancy. 

3.1.2. PAK3 

A second Rho-related MRX-gene is PAK3. Two different 
mutations in the PAK3 gene have been isolated in two 
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MRX-pedigrees. As described earlier, PAK kinases have 
been defined as Racl- and Cdc42-specific effector mole- 
cules that activate pathways downstream of activated Rho 
GTPases (Manser et al., 1994, see Fig. 2). PAK3 is highly 
expressed in MRX-relevant brain regions, namely the cortex 
and hippocampus, suggesting that PAK3 kinase function is 
required either for the development of these regions, or for 
the inherent synaptic plasticity of synaptic spines in specia- 
lized regions with particular cognitive tasks (Allen et al., 
1998). PAK kinases, according to a current model, are 
thought to exist in a cytoplasmically dormant state. Upon 
recruitment by an upstream factor, which could be activated 
Racl or Cdc42, the autoinhibitory interaction between the 
N-terminal regulatory domain and the C-terminal catalytic 
domain is disrupted. This switches PAK into an active 
conformation capable of auto- and substrate phosphoryla- 
tion (Aghazadeh et al., 1998; Bagrodia and Cerione, 1999; 
Buchwald et al., 2001). A point mutation present in a multi- 
plex pedigree abrogates the Ser/Thr-directed kinase func- 
tion by inserting a premature stop-codon (Allen et al., 1998). 
In another MRX pedigree, the missense mutation R67C has 
been implicated as a cause for moderate to severe mental 
retardation. This amino acid substitution resides in the 
predicted Rho GTPase-interaction motif of PAK3 and 
hints to the relevance of the GTPase/PAK interaction (Bien- 
venu et al., 2000), Of note, mutations in the Drosophila 
PAK homolog have been implicated in developmental 
aspects of the nervous system such as neurogenesis and 
axonal pathfinding (Melzig et al., 1998; Hing et al., 1999; 
Newsome et al., 2000). Imperfectly understood downstream 
signaHng pathways relay PAK-activity to the actin cytoske- 
leton and possibly the nucleus. The identification of the 
PAK-relevant kinase targets in MRX will greatly contribute 
to our understanding of the physiological correlation 
between Rho GTPase activities and cognitive functions. 

So what are the molecular components linking PAK to 
cytoskeletal alterations in neurons? Different proteins have 
been hypothesized to serve as substrates for PAK's kinase 
activity in general and particular neuronal situations. PAK, 
as part of its activation mechanism, phosphorylates itself 
(Manser et al., 1994). Furthermore, LIMK (or Lim - 
domain-containing protein kinase) has been identified by 
Edwards et al. as a potential downstream mediator of 
PAK (Edwards et al., 1999). Upon phosphorylation by 
PAK, LIM-kinase in turn phosphorylates, and thus inacti- 
vates, the actin depolymerizing factor Cofilin (Arber et al., 
1998; Yang et al., 1998). This study suggests that PAK can 
connect Rac/Cdc42 activity to LIM-kinase in the regulation 
of actin cytoskeletal dynamics. Interestingly, hemizygosity 
of the LIM-kinase 1 encoding locus on chromosome 7ql 1 is 
correlated with the autosomal William's syndrome, a disor- 
der comprised of a complex of phenotypes which affects 
about 1 in 20,000 births. Features of this condition include 
weakened visuospatial constructive cognition and varying 
severities of mental retardation (Frangiskakis et al., 1996). 
Another substrate of PAK is MLCK (myosin light chain 



kinase), which exerts kinase activity towards the myosin 
regulatory light chain (MRLC) (Sanders et al., 1999). 
MRLC-phosphorylation by MLCK is thought to stimulate 
actin/myosin motor complexes. Since MLCK is inactivated 
by PAK, this event is believed to counteract actin/myosin 
motor activity. In addition, MRLC has also been proposed 
to be a direct PAK target (Sells et al., 1999). Most of these 
initial biochemical observations have come from the study 
of fibroblasts or epithelial cell lines. Thus, these different 
findings will have to be re-evaluated as to their importance 
in neurons in order to elucidate the relevant mechanisms 
involving the loss of PAK3 in MRX. 

5.7 J. ARHGEF6 

Another intriguing addition to the list of MRX-causing 
mutations is the ARHGEF6 gene discovered by Kutsche and 
colleagues (Kutsche et al., 2000). The ARHGEF6 gene 
product is identical to the previously discovered aPIX/ 
Cool-2 protein isolated as a PAK-binding partner by 
means of biochemical co-purification and yeast-2-hybrid 
approaches. In fact, a small protein family containing 
aPIX/Cool-2 itself, pPIX/p85Cool-l and its smaller splice 
variant p50Cool-l, has emerged (Bagrodia et al., 1998, 
1999; Manser et al., 1998). Interestingly, aPIX/Cool-2 
also contains the typical tandem DH/PH motif that marks 
it as a potential RhoGEF (Fig. 2). The potential for an inter- 
action between aPIX/Cool-2 and PAK is mediated by an 
SH3 domain in the former and an unconventional SH3-bind- 
ing site in the latter protein. aPIX/Cool-2, when co- 
expressed with PAK, can trigger PAK's kinase activity 
(Bagrodia et al., 1998; Daniels et al., 1999). Attempts to 
monitor directly the levels of ["^HjGDP released from 
Racl or Cdc42 did not unequivocally reveal an exchange 
activity towards either of the GTPases. However, in in vitro 
assays, aPIX/Cool-2 can increase the amount of GTP- 
bound Cdc42, whereas its sibling pPIX/p85Cool-l can 
increase GTP levels bound to Racl. This activity, however, 
is significantly lower than that of the well-studied RhoGEF 
Dbl (Bagrodia et al., 1998, 1999; Manser et al., 1998; 
Daniels et al., 1999). Taken together, the expression and 
biochemical experiments performed so far suggest that 
aPIX/Cool-2 can enhance PAK recruitment and activity 
but do not give an unambiguous answer as to the exact 
molecular mechanisms governing the GTPase/aPIX/Cool- 
2/PAK complex. Most probably, other factors and precise 
subcellular conditions dictate the function of this complex 
in various in vivo settings. As in the case of PAK3, compre- 
hension of the concrete cellular effects of the mutations 
found in ARHGEF6 requires further study. 

3,1.4, ILIRAPU TM4SF2 and FMRP 

Other that the genes described above that are direct regu- 
lators or effectors of Rho GTPases, there is a group of 
mental retardation genes that are not evident Rho- signaling 
components but may still be indirectly linked to the function 
of Rho GTPases. ILIRAPL, TM4SF2 and FMRP code for a 
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novel member of the interleukin-l (IL-1) receptor family, a 
protein of the tetraspanin family of membrane proteins and 
an RNA-binding protein, respectively (Carrie et al,, 1999; 
Zemni et aL, 2000). It has been reported that IL-1, an inflam- 
matory cytokine, can stimulate Cdc42 through its cognate 
IL-1 RI and RII receptors in fibroblasts. As a consequence, 
Rac and Rho GTPases also become activated. In fact, Cdc42 
activity is absolutely required for IL-1 -induced actin poly- 
merization and remodeling processes (Puis et al., 1999). 
Exposure of HeLa cells to IL-1 results in the activation of 
Rho A, which in turn leads to the formation of stress fibers. 
Moreover, IL-1 RI, in a biochemical affinity purification 
protocol, was found to be complexed with RhoA and 
Racl (Singh et al., 1999). It will be interesting to see, 
whether the newly identified MRX-related ILIRAP protein 
also will involve Rho GTPases as part of its general signal- 
ing potential in the brain. 

Tetraspanins have been observed in protein complexes 
with adhesion molecules such as a- and p-integrins. The 
TM4SF proteins CD151, CD81 and CD63 have been 
found to be associated with a3pl-integrins in neurites and 
growth cones of human NT2N cells. When treated with 
antibodies against CD 151 and CD81, neurite outgrowth in 
NT2N cells grown on a3pl integrin-specific extracellular 
matrix molecules (ECM) was greatly impaired. Under these 
conditions, neurite number, length and extension rate where 
all affected (Stipp and Hemler, 2000). As there appears to be 
a general requirement for Rho GTPase activity in axon and 
neurite outgrowth and retraction, as well as a functional 
connection between integrin and Rho signaling it would 
not be surprising to find that TM4SF/integrin complexes 
function in concert with the Rho GTPases (Jalink et al., 
1994; Luo et al, 1994). Intriguingly, in a recent study, a 
TM4SF-family member was netted as a binding partner of 
ohgodendrocyte-specific protein (OSP/Claudin-11), a 
member of the expanding Claudin family, which is respon- 
sible for establishing tight junction-equivalent structures in 
myelin-forming oligodendrocytes of the CNS. For this 
reason, the respective TM4SF protein was named OAS for 
OSP/Claudin-11 associated protein J_ (Tiwari-Woodruff et 
al., 2001). Furthermore, pi -integrin subunits were recov- 
ered as another constituent of OAS/OSP complexes 
(Tiwari-Woodruff et al, 2001). Loss of OSP/Claudin-11 
in gene- targeted mice results in the absence of tight junc- 
tion-like structures in CNS myelin sheaths, which induces 
neurological abnormalities (Gow et al., 1999). Interference 
experiments using OAP-1- and OSP/Claudin-1 1 -specific 
antibodies in primary oligodendrocytes effectively impaired 
migration, whereas, overexpression of OAP-1 or OSP/CIau- 
din-11 caused an oligodendrocytic cell line to overprolife- 
rate in culture (Tiwari-Woodruff et aL, 2001). In light of the 
well-established role of Rho proteins in determining the 
morphology and function of tight junctions in epithelial 
cells (Jou et al., 1998), these data may hint at the possibihty 
of oligodendrocytic defects being important in the genesis 
of MRX. It remains to be seen which specific cell type 
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TM4SF2 will be functional in. Its wide spread expression 
pattern so far does not exclude any of the mentioned possi- 
bilities, all of which may well be molecularly and physio- 
logically hnked to Rho GTPase signahng. 

Finally, a potentially intriguing role for Racl signaling in 
the development of the fragile X mental retardation 
syndrome has been suggested (Schenck et al., 2001). 
FMRP (fragile X-linked mental retardation £rotein) is the 
product of the FMRl gene, mutations in which manifest 
themselves in the Fragile X mental retardation syndrome 
(FraX). FraX can be distinguished from non-syndromic X- 
linked mental retardation in that it is also associated with 
other phenotypes such as macroorchidism, large ears, 
prominent jaws and a high-pitched jocular speech in 
affected individuals (Hagerman, 1996; Imbert et al., 
1998). In FraX, the FMRl gene is transcriptionally silenced 
due to a hypermethylated CGG repeat expansion in the 
sequence encoding the 5 '-untranslated region (Imbert et 
al., 1998). FMRP harbors nuclear export and import signals, 
as well as multiple mRNA binding motifs (Ashley et al., 
1993; Siomi et al., 1993; Eberhart et al., 1996; Sittler et al., 
1996; Tamanini et al., 1999). Thus it may serve to shuttle 
specific mRNAs between the nucleus and the cytoplasm. 
The finding that the concentration of FMRP is high in 
neurons and particularly within dendritic processes suggests 
that it may direct its cargo mRNAs to a specialized cellular 
compartment for more efficient translation (Devys et al., 
1993; Weiler et al., 1997; Jin and Warren, 2000). More 
recently, FMRP has been shown to associate with CYFIPl 
(cytoplasmic FMRP interacting 2rotein 1), a component of 
the synaptosome (Schenck et al., 2001). In fact, CYFIPl 
was a known protein that earlier had been described as a 
Racl interacting protein, termed pl40Sra-l, which was 
observed to be associated with Rac-induced cortical actin 
filaments and to cosediment with F-actin (Kobayashi et al., 
1998). It is tempting to speculate that activated Racl, 
together with CYFTPl, tethers FMRP to developing spines 
to spatially control the translation of spine-relevant cargo 
mRNAs. Racl activation, in this scenario, may result from 
activation of receptors for neurotransmitters in spine 
synapses. Mutational down-regulation of FMRP may inter- 
fere with such translational processes, which ultimately 
produces FraX- associated phenotypes. 

As illustrated above, a number of MRX genes are either 
evident components of Rho GTPase signaling cascades or 
may be indirectly linked to the activities of Rho GTPases. 
Since each of the cloned MRX genes accounts for only 0.5- 
1 .0% of the total MRX cases (Chelly, 2000), one can predict 
a considerable number of additional MRX genes to surface 
in the future. It is very likely that among these MRX genes 
additional components of Rho GTPase signaling pathways 
will be identified. Tying in MRX-defects on their physiolo- 
gical level with the molecular details of Rho GTPase signal- 
ing will be a major challenge. Experiments addressing 
whether the Rho GTPase-related MRX genes and their 
products found thus far may cooperate in a common path- 
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way is an interesting starting point. Also the development of 
aninnal models carrying targeted disruptions in MRX genes 
and transgenes that can be conditionally expressed will be 
beneficial to these aims. Defining these Rho GTPase- 
controlled pathways and integrating them into a general 
neuronal signaling network will contribute to understanding 
the molecular details of cognitive processes. 

3.2. Motor neuron degeneration and Down syndrome 

3.2.1. Alsin/ALSl in amyotrophic lateral sclerosis (ALS) 

A major breakthrough in the search of genetic mutations 
causing familial amyotrophic lateral sclerosis (ALS) has 
been the recent cloning of a locus on chromosome 2q33 
encoding a putative novel RhoGEF by two independent 
groups (Hadano et al., 2001; Yang et al., 2001; Fig. 2). 
Accordingly, one of the groups coined the term alsin 
(ALS in) for the respective protein product. 

ALS is a progressive paralytic disorder that affects motor 
neurons in different regions of the nervous system. Due to 
genetic lesions, upper motor neurons (UMN) in the motor 
cortex as well as lower motor neurons (LMN) in the brain- 
stem and spinal cord are rendered dysfunctional and degen- 
erate. This causes the affected individuals to die most 
frequently from respiratory failure, often within 3 years 
after onset of the disease. Whereas 90% of the ALS cases 
are sporadic, 10% are of familial origin. The familial cases 
harbor genetically transmitted, usually autosomal dominant 
mutations. In a small percentage of familial ALS (ALS 2) the 
first clinical manifestations are detectable before the age of 
25, with the disease developing at a slower pace than in the 
rest of the familial ALS patients. 

The first, and for a long time only, mutated ALS-gene 
identified was the one coding for Cn/Zn superoxide dismu- 
tase (SODl) (Rosen, 1993). SODl's catalytic activity 
reduces the amount of free radicals in virtually all cell 
types and ALS -specific mutations are thought to render 
SODl hyperactive rather than inactive, suggesting the 
necessity for a delicate balance in the number of free radi- 
cals for motor neuronal processes. According to estimations 
based on multiple mapping efforts, the SODl locus only 
accounts for about 20% of familial ALS cases arising 
from autosomal dominant mutations. Aberrations in other 
genes were eagerly awaited. 

The alsin gene was the second locus to be involved in the 
neurodegenerative processes underlying ALS, in particular 
the juvenile form of ALS, ALS2. The discovery of alsin as a 
putative Rho GTPase activator could open new vistas on the 
ill-defined biochemical pathways that if impaired can cause 
ALS. The microdeletions found in the alsin gene disrupt its 
coding unit, and thus generate loss-of-function alleles 
(Hadano et al., 2001; Yang et al., 2001). The alsin protein, 
apart from a typical tandem DH/PH domain, contains two 
types of motifs that are also present in other GTP/GDP 
exchangers for Ras GTPases. Aligned in its N- terminus 
are three copies of the RCCl-like domain (RLD), which 



was originally described for the Ran GTPase-specific 
exchange factor RCCl. RCCl associates with chromatin 
and regulates the nuclear-cytoplasmic shuttling of Ran. At 
its C-terminus, alsin harbors a VPS9 domain that is shared 
by exchange factors mediating vacuolar protein sorting in 
yeast in the case of VPS9 itself, or endocytic trafficking in 
the case of VSP9 domain-containing eukaryotic GEFs. In 
addition, alsin contains an array of MORN (membrane 
occupation and recognition nexus) motifs that very recently 
have been implicated in the membrane association of junc- 
tophilins (Takeshima et al., 2000). Junctophilins comprise a 
novel protein family that is present at junctional complexes 
established between the plasma membrane and extensions 
of the endoplasmic/sarcoplasmic reticulum, which are 
features of excitable cell types and are thought to mediate 
communication between the plasma membrane and intracel- 
lular ion channels. 

All of the listed consensus motifs may contribute to 
alsin' s specific subcellular location and function, but the 
specific role of alsin in motor neurons is illusive at this 
point. Pivotal issues concerning the Rho GTPase-specificity 
and the sub-neuronal localization of alsin still need to be 
resolved to solidify the basis for further speculation. 
However, in Hght of the disease phenotype that is produced 
by alsin-specific mutations, namely the degeneration of 
motor neuronal circuits, it is intriguing to speculate on a 
more general role of Rho GTPase-dependent signaling for 
the maintenance of neuronal pathways. The disruption of 
such pathways might provoke neurodegenerative processes. 

3.2.2. Intersectin as a potential component in Down 
syndrome 

The intersectin-encoding gene on chromosome 21q22 has 
been speculated to contribute to the malignant aspects of 
Down syndrome (Guipponi et al., 1998), Intersectin, 
which represents yet another member of the RhoGEF family 
has been implicated into endocytic events and mitogenic 
processes and might even link the two (Fig, 2), Mechanis- 
tically, intersectin stimulates Cdc42 and thus regulates N- 
WASP/Arp2/3-dependent actin polymerization, possibly at 
sites of active endocytosis (Hussain et al., 2001; O'Bryan et 
al., 2001). The classification of intersectin as a genuine 
disease molecule may be premature at this point, but the 
localization of the encoding gene on chromosome 21 and 
elevated expression levels of intersectin-specific mRNA in 
patients suffering from Down syndrome make it an interest- 
ing molecule in the context of trisomy 21 research (Guip- 
poni et al., 1998; Pucharcos et al., 2000, 2001). 

4. Other potentially Rho GTPase-related disabilities 

4.1. FGDl (faciogenital dysplasia) 

By conventional means of forward genetics, the FGD 
gene has been cloned and revealed to be the mutated 
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locus causing faciogenital dysplasia, also known as Aars- 
kog-Scott syndrome (Pasteris et al., 1994). The discovery of 
additional mutant FGD-alleles since then has confirmed the 
role of the gene in the development of the disease (Orrico et 
al., 2000; Schwartz et al., 2000). Faciogenital dysplasia is an 
X-linked developmental disorder and individuals are of 
disproportionately short stature and suffer from facial, 
skeletal and urogenital abnormalities. The FGD gene 
product, FGDl, was predicted to function as a Rho-specific 
GEF (Fig. 2), and the disease-causing mutation at first iden- 
tified by Pasteris et al. was predicted to insert a premature 
stop codon into the region encoding the protein's DH-func- 
tion. FGDl, apart from the DH-motif also contains the 
juxtaposed PH-domain typical of Rho GEFs, as well as a 
number of SH3-binding regions and an additional C-term- 
inal PH-domain (Pasteris et al., 1994). Subsequently, Zheng 
and colleagues have demonstrated that FGDl exerts its 
activity specifically on Cdc42 (Zheng et al., 1996). Further 
dissection of the FGDl molecule determined that the DH- 
domain alone can induce Gl progression when introduced 
into fibroblasts, but that both the DH and the contingent PH 
sequence are needed to induce a Cdc42-specific response of 
the actin cytoskeleton, namely the formation of filopodia 
and microspikes (Nagata et al., 1998). This result suggests 
that proper recruitment of FGDl to actin-relevant subcellu- 
lar sites depends on proper PH-f unction. Interestingly, 
mutational analysis of another FGD pedigree by Orrico et 
al. (2000) has revealed a R610Q amino acid substitution. 
Arg-610 resides in the PH-domain of the DH/PH-motif and 
appears to be a conserved residue in PH-domains that are 
involved in inositol-phosphate (InsP)-binding (Ferguson et 
al., 1995; Salim et al., 1996). Together, these results suggest 
that FGDl is targeted by specific InsP-species to distinct 
membranes where it exerts its GEF activity towards 
Cdc42. To date, no upstream activating mechanism for 
FGDl -specific signaling has been described but the strong 
similarity between the PH-domain harboring Arg-610 and 
the one of the ^-adrenergic receptor kinase (ARK) suggests 
that PtdIns-4,5-P2 and/or PtdIns-3,4,5-P3 might mediate the 
recruitment of FGDl to membrane domains. ARK has been 
shown to associate with these InsP species (Rameh et al., 
1997). 

4,2. WASP (Wiskott-Aldrich syndrome) 

Two other genetic disorders in which mutations affect 
Cdc42 signaling are the X-linked Wiskott-Aldrich 
syndrome (WAS) and the related allelic X-linked thrombo- 
cytopenia (XLT). As with FGD and the MRX genes, the 
gene causing WAS and XLT is located on the X-chromo- 
some, rendering recessive alleles (approximately 50 differ- 
ent mutations have been detected so far in the WAS gene) to 
phenotypic expression (Derry et al, 1995; Kolluri et al., 
1995; Kwan et al., 1995; Villa et al., 1995; Wengler et al., 
1995; Zhu et al., 1995). Defects are restricted to hemato- 
poietic lineages and include micro thrombocytopenia and 
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recurrent infections because of dysregulated T- and B-cell 
functions. The observations that neutrophils are enabled in 
their proper chemotactic response and that B cells do not 
show their typical response to polysaccharides, together 
with the severe cytoskeletal defects observed in T cells 
and platelets, suggested an actin-related role for the WAS 
gene product. Derry et al. succeeded in cloning the gene 
responsible for WAS and through rigorous screening 
assembled the first set of WAS-specific mutations including 
nonsense, missense and frame shift mutations (Deny et al., 
1994). Subsequently, in biochemical overlay assays 
designed to find novel Cdc42-efiFectors, Symons et al. 
isolated WASP (for WAS p rotein) from human neutrophils 
(Symons et al., 1996). WASP appeared to bind exclusively 
to GTP-loaded Cdc42 and not to Racl or RhoA, and was 
traced in high concentrations to polymeric actin structures. 
Through the work of several groups a picture emerged, in 
which Cdc42, in concert with WASP, stimulates the Arp2/3 
complex which in turn enables actin filaments to nucleate 
from germination centers (for review see Welch, 1999; Fig. 
2). This activity is required for morphological cell shape 
changes and cell migration, processes that are impaired in 
WASP-deficient hematopoietic cells. Accordingly, WASP 
transcripts were found in compartments of the immune 
system, such as the spleen, thymus and lymphocytes 
(Derry et al, 1994). Notably, a homologue of WASP, 
namely N-WASP is expressed ubiquitously, with particu- 
larly high expression levels in the nervous system, and 
fulfills WASP functions in cells other than those of hema- 
topoietic origin (Miki et al., 1996). In subsequent experi- 
ments, N-WASP was shown to be an indispensable element 
in the Cdc42-dependent pathway leading to the formation of 
filopodia in fibroblasts (Miki et al., 1998). WASP, more- 
over, appears to be subject to precise regulatory mechan- 
isms to guarantee its proper function. This has become even 
more apparent when Devriendt et al. recently reported that 
another hematopoietic deficiency, namely X-linked severe 
congenital neutropenia (XLN), is caused by a WAS muta- 
tion that generates a constitutively activated WASP protein 
(Devriendt et al., 2001). A single amino acid substitution at 
position 270 from Leu to Pro in the autoinhibitory domain of 
WASP was detected, and based on structural data by Kim 
and co-workers (Kim et al., 2000) is shown to map to the 
Rho GTPase binding domain (Kim et al., 2000; Devriendt et 
al., 2001). These findings underscore the in vivo importance 
of the Cdc42AVASP interaction once more. 

4.3. Diaphanous (non-syndromic deafness) 

Another example of a gene encoding a disease-related 
Rho GTPase effector is Diaphanous 1 (also known as 
DFNAl), An effort to identify the autosomal dominant 
mutation responsible for nonsyndromic deafness led to the 
cloning of a genie on chromosome 5q31 that turned out to be 
homologous to the Drosophila diaphanous gene (Lynch et 
al., 1997). The first clue hinting at a possible function for 
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diaphanous came from another source. Watanabe and co- 
workers, in a quest for RhoA-specific binding partners, 
identified pl40mDia/mDial, the mouse orthologue of the 
diaphanous protein (Fig. 2). They further showed that 
mDial was not only tethered to activated Rho by its N- 
terminus, but that it also serves as a ligand for Profilin via 
its formin homology (FH\) domain (Watanabe et al., 1997). 
This interaction is beheved to stimulate actin remodeling at 
particular locations in the cell in response to Rho activation. 
Indeed, in a follow-up study, mDial turned out to work in 
concert with ROCK to induce stress fibers in transfected 
fibroblasts (Watanabe et al., 1999). Interestingly, mDial 
caused the alignment of actin together with microtubule 
filaments in a coordinated bipolar fashion when transfected 
into HeLa cells. This activity was ascribed to the C- terminal 
FH2 domain of the molecule and suggests mDial/diapha- 
nous as an actin/microtubule coordinating factor down- 
stream of Rho (Ishizaki et al., 2001). Similarly, Palazzo et 
al. found mDial to colocalize with microtubules and to 
trigger the formation and orientation of stable microtubules 
in serum-starved fibroblasts (Palazzo et al., 2001). Deafness, 
arising from a mutation in the diaphanous gene is associated 
with a sensorineural cochleosaccular dysplasia of the 
membranous structures of the inner ear. It has been specu- 
lated that diaphanous may act in a pathway linking integrins 
to the actin cytoskeleton. Mutations in aSpl integrins, 
diaphanous and myosinVIIa (as well as other myosins) all 
cause deafness, indicating that the wild- type proteins could 
organize and/or maintain cytoskeletal structures in hair cells 
of the inner ear (Lynch et al., 1997; Richardson et al., 1999; 
Little wood Evans and Muller, 2000; for a review about 
deafness-related genes see Muller and Litdewood-Evans, 
2001). 

4A, A potential role for Rho GTPases in Tangier disease 

In the last *case study' presented in this review, Rho 
GTPase function has been correlated with Tangier disease. 
The basis of this disease is an impaired cholesterol efflux 
(CE) mechanism, resulting in abnormally low high density 
lipoprotein (HDL) plasma levels and an accumulation of 
cellular cholesteryl esters. Thus, CE is an essential process 
that purges excess cholesterol from cells and provides an 
important protection against arteriosclerosis. Examination 
of fibroblasts and macrophages from Tangier patients by 
cDNA subtraction techniques revealed a substantial down- 
regulation of Cdc42 levels in affected cells. Accordingly, 
Hirano et al. found that introduction of a dominant negative 
form of Cdc42 into epithelial MDCK cells could decrease 
CE efficiency and that dominant active Cdc42 could 
increase it (Hirano et al., 2000). In addition, Rho A, RhoB, 
RhoG and Racl levels appeared to be elevated in fibroblasts 
derived from Tangier patients (Utech et al., 2001). Whether 
Rho GTPases play a direct role in Tangier disease, and how 
a particular Rho GTPase affects aspects of CE, remains 



elusive, but future research into this subject may well 
shed light onto yet another aspect of Rho GTPase signaling. 

4.5. Rho GTPases and bacterial infections 

Through work over the last few years, it has become clear 
that the manipulation of Rho GTPases is a step in a number 
of disease-causing bacterial infections. Rho GTPases are 
manipulated by bacterial toxins from quite different origins 
and of different make and function. For more detail, we refer 
to recent reviews that treat this subject with much greater 
depth (Lerm et al., 2000; Stebbins and Galan, 2001). To 
summarize the recent research, Rho GTPases are targeted 
by basically three classes of toxins that display fundamen- 
tally different activities. The first class contains the Rho 
GTPase-inactivating C3 exotoxins and LCC (large clostri- 
dial toxin), toxins that act as ADP-ribosyltransferases and 
glucosyltransferases, respectively. The covalent attachment 
of ADP-ribosyl-moieties by the C3-transferases of Clostri- 
dium botulinum. Staphylococcus aureus and other infectious 
bacteria blocks the ability of Rho A, B and C to interact with 
Rho-specific GEFs and thus prevents activation of these 
GTPases. Glucosylation of Rho at Thr-37 and Rac and 
Cdc42 at Thr-35 by the large LCC toxins (larger than 250 
kDa) which is produced by Clostridium spp., interferes with 
nucleotide binding and coordination of the nucleotide- 
linked Mg^"^-ion. This in turn inhibits the association of 
effector molecules with the same region of the GTPases 
and abrogates the stimulation of downstream signaling path- 
ways. The second class of toxins contains the Rho GTPase- 
deamidating CNF (cytotoxic necrotizing factor) agents from 
Escherichia coli and DNT (dermonecrotic toxin) toxins 
from Boretella spp. CNF toxins deamidate Gln-63 in Rho 
and Gln-61 in Rac and Cdc42. Since these residues are 
essential for GTP-hydrolysis and therefore inactivation of 
the Rho GTPases, this renders them constitutively active. 
This results in an overactivation of particular Rho-depen- 
dent signaling pathways. DNT toxins are transglutaminases 
that constitutively activate Rho by adding an amine to Gln- 
63. 

A particularly interesting class of toxins is the one of 
* injected' toxins, that due to a specialized 'typelll' secretion 
system are directly introduced from Yersinia and Salmo- 
nella bacteria into their host cells. Tnjected' toxins mimic 
cellular GEFs and GAPs to a degree that allows the invading 
bacterium to first activate Rho GTPases, such as Racl and 
Cdc42 in the case of SopE from Salmonella spp. This ensues 
remodeling of the actin cytoskeleton to promote bacterial 
entry. Post internalization, another class of 'injected' toxins, 
exemplified by SptP from Salmonella spp. and YopE from 
Yersinia spp. is produced, this time to reversibly inactivate 
Rho GTPases by mimicking host GAPs. Thus, deregulation 
of cytoskeletal structures is reversed and the host cell saved 
for the future benefit of the invaders. 

Recent structural analysis has unraveled the basis for 
some of these mechanisms. It appears that through conver- 
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gent evolution Salmonella spp. and Yersinia spp. have 
developed proteins that, although they do not share the 
tertiary structures of the enzymes they minnic, nevertheless 
display contact surfaces and identical residues at critical 
positions that allow for catalysis (Lerm et al., 2000; Steb- 
bins and Galan, 2001). The corruption of Rho GTPase activ- 
ities in the interest of pathogenic infection can be regarded 
as a redundant theme and the different strategies that have 
been evolutionarily employed by bacteria to this end are 
diverse and fascinating. The observation that overactivation 
as well as underactivation of Rho GTPases occurs in the 
course of bacterial attacks suggests that Rho GTPase signal- 
ing is being exploited in some cases and disrupted in others. 
In this sense, the strategies used by Salmonella spp. seem 
even more sophisticated. The C3- transferase from C. botu- 
linum already has been used successfully as an experimental 
tool to inhibit Rho-function in diverse systems (see e.g. 
Cleverley et al., 2000). It is conceivable, that other Rho 
GTPase-specific toxins will be introduced as more generally 
applicable reagents into research that pertains to cUnically 
relevant questions. 

5. Conclusions and future perspectives 

Given the complexity of Rho GTPase signaling and the 
multiple cellular and developmental aspects involving and 
requiring the function of Rho GTPases, there is a very 
strong possibility that many more disease-causing mutations 
in genes encoding Rho-related signaling molecules will be 
uncovered in the future. The available annotated genome 
sequences suggest a vast number of genes for Rho 
GTPase- specific regulators, but many of them remain biolo- 
gically unexplored to date. Emerging areas of interest in 
which the contribution of Rho GTPases is currently being 
investigated include mechanisms of viral infection and 
various organ- and tissue-specific diseases, such as ventri- 
cular myocyte hypertrophy underlying some dysfunctions 
of the heart. However, due to lack of compelling evidence 
that would definitively prove the corruption of a Rho 
GTPase-related signaling molecule, we chose not to elabo- 
rate on these processes. 

The following points illustrate some of the possibilities 
that will influence future research to provide us with a better 
concept of how Rho GTPases function in numerous disease 
aspects. (1) The findings that Wnt- and Ras-signaling may 
feed into Rho-signaling to manifest some Rho GTPase- 
dependent phenotypes emphasize the interdependency and 
collaboration of different signaling pathways during the 
progression of a given disease. Other disease-relevant path- 
ways will be linked to Rho-signaling in the years to come. 
Adhesion-triggered signaling in various forms is a good 
candidate for this. (2) Rho-specific activities in the estab- 
lishment of cellular polarity and cell-cell adhesive proper- 
ties, as well as their impact on vesicle trafficking, may be of 
importance for the development of different diseases. Also 



for this reason, studies in these areas merit further attention. 
(3) Along the same lines, the MRX genes encoding compo- 
nents and potential components of Rho GTPase signaling 
pathways that have been identified thus far will have to be 
functionally connected to an operational network. The 
establishment of mouse model systems will help in under- 
standing the contribution of these genes and their interac- 
tions on a physiological level. 

It is evident that the biological activities of the disease 
genes elaborated upon in this review will exceed the scope 
of the context in which they were initially identified. 
Research addressing these aspects may ultimately also 
help design strategies for therapeutic intervention and diag- 
nostic purposes. Certainly, the interplay and collaboration 
between disease research on the one hand, and biochemical, 
as well as cell biological, research on the other will further 
help advance these subjects and activate our individual 
levels of excitement. 
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